Abstract: A pulsed photoacoustic technique was used for generation of ultrasonic pulses along with optical detection inside a transparent polymer resin undergoing a curing reaction. The changes in acoustic parameters during the solidification process was measured and were found to agree with the accepted general model for the kinetics of the curing reaction for polyester and epoxy resins. The advantages of the acoustic characterization compared to the more common calorimetric techniques are considered.
INTRODUCTION
Polyester, vinyl ester and epoxy resins are thermoset polymer materials, liquids at room temperature, which solidify in the course of the curing reaction. A catalyst is usually added to the resin, a peroxide for polyesters and vinyl esters and amine for epoxies, to trigger the formation of a network of polymeric chains. The network is formed when the double C = C bonds of the unsaturated liquid resin break with the help of the catalyst or by the initial heat input and convert to single C -C bonds. The remaining bonds are used for inter-molecular connections, resulting in a strong 3D network of polymer molecules. The course of the reaction, which is temperature dependent, is affected by the sample geometry, because of the heat generated during the reaction and conducted inside and out of the sample. This causes changing temperature profiles a.nd, as a consequence, locally different rate of reaction. Other parameters, influencing the reaction, are ambient temperature and catalyst and accelerator concentrations [I] .
KINETICS OF THE REACTION
The 3D network formation in thermosetting resins is a very exothermic reaction. It is assumed that the amount of enthalpy Q evolved up to the time t, corresponds to the amount of the bond conversion Y t up to time 1, both compared to the final values for the completed reaction, Q, and Y , respectively. The extent of the reaction at time t is then:
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The course of the curing reaction is usually studied by calorimetric techniques as scanning calorimetry (SC) and differential scanning calorimetry (DSC), which measure the time dependency of the heat evolved during the reaction. The acoustic velocity is another parameter which changes with the course of the reaction and was found to also adequately represent the extent of the reaction [2-41, the transport of the acoustic energy being directly dependent on the structure of the material.
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The kinetics of the reaction is described by the equation, which was found to agree well with the experimental data [5]:
where Y^ is the final degree of bond conversion, Y t is the degree of bond conversion up to time t, n is the order of the reaction and k t is a parameter, depending on the type of reaction, the reaction activation energy E and temperature T. In the first approximation, kj. is considered constant and the above equation can be integrated to give the conversion at time t:
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The transparency of the resins allows optical methods to be employed for generation and detection of ultrasonic pulses, resulting in the possibility of the direct monitoring of the degree of cure inside the resin. In this way local and instantaneous information can be acquired in contrast with the calorimetric methods, which collect the information from the whole sample and is therefore not sensitive to the local differences which occur because of the temperature gradients in the sample. The so-called exotherm curve of a typical cure reaction, representing also the extent of the reaction shows that the rate of the reaction after the induction period exhibits a sharp peak, followed by a slow continuation of the reaction until the final cure is reached with all the material characteristics asymptotically approaching the final values. The ultrasonic technique can be particularly successful in studying the last, slow part of the reaction and particularly the noncontact features of the photoacoustic generation and optical detection of the ultrasonic pulses. 
EXPERIMENT AND RESULTS
An experimental system for noncontact monitoring of the curing process by laser ultrasonics was built [6] . Short ultrasonic pulses of under ljis were excited by a pumped Nd:YAG laser of 60 mj output energy, 1.06 ^m wavelength and 10 ns duration (FWHM). The energy of the pump beam after expansion, reflection from a mirror, attenuation and focusing is 10 mj. The beam waist was centered in the machine oil, adjacent to the sample (Fig. 1) . The shape of the wave was approximately cylindrical. The wave amplitude was strongest at the waist, where the energy conversion of the light into the acoustic wave was the highest. The cylindrical source was estimated to be over 1 cm long, corresponding to 10 acoustic wavelengths. In the case of velocity measurements, the ultrasonic waves, p~opagating through the sample, were detected at different positions inside the sample by deflection of a 5 mW He-Ne laser beam (wavelength 632.8 nm, width 0.78 mm), lying parallel to the pump beam. The shape of the wave is not accurately reproduced because of the distortion from the cylindrical energy but the arrival times, which were of interest, are unaffected. The probe beam passes the sample twice at different distances from the source (Fig. 1 ) to assure absolute measurements of acoustic velocity. The two passages of the beam have to be more than one wavelength apart in order to clearly distinguish both signals, which can be then acquired in a single waveform. The second deflection of the probe beam on the same wave is in the opposite direction than the first one, because it occurs after the reflection at the prism (Fig. 2) . The He-Ne beam deflections were detected by a quadrant photodiode and waveforms captured on an oscilloscope and stored in a PC. The experiment was performed in a single shot mode, oscilloscope being triggered with a second photodiode, detecting the light of the pump beam. Commercial polyester and vinyl ester samples were prepared at room temperature, with no additional heating. They were mixed with 1% of 1% Co octoate solution and 1% of 50% methyl ether ketone peroxide and pla,ced in a specially made glass container. Signals were captured every 2 minutes as the reaction proceeded. The evolution of the signals can be seen in figure 3.
The acoustic velocity dependence on reaction time is presented in figure 4 . On the same figure the Y t dependency on time according to equation (3) is drawn for n=2, showing good agreement. In the described ambient conditions and with standard preparation of the samples the curing process was found to be finished in 70 -90 minutes. 
CONCLUSION
The velocities of the ultrasonic pulses at different times during the solidification process were measured. They have proven to be agree with the generally accepted model for the curing process of the polyester and epoxy resins. The designed noncontact method can be used to study other acoustic properties of solidifying polymer resins and to complement the calorimetric methods especially in the last, slow part of the process and in assessing the final properties of the thermoset.
